Exocytosis involves fusion of secretory vesicles with the plasma membrane, thereby delivering membrane proteins to the cell surface and releasing material into the extracellular space. The tethering of the secretory vesicles before membrane fusion is mediated by the exocyst, an essential phylogenetically conserved octameric protein complex. Exocyst biogenesis is regulated by several processes, but the mechanisms by which the exocyst is degraded are unknown. Here, to unravel the components of the exocyst degradation pathway, we screened for extragenic suppressors of a temperature-sensitive fission yeast strain mutated in the exocyst subunit Sec3 (sec3-913). One of the suppressing DNAs encoded a truncated dominant-negative variant of the 26S proteasome subunit, Rpt2, indicating that exocyst degradation is controlled by the ubiquitin-proteasome system. The temperature-dependent growth defect of the sec3-913 strain was gene dosage-dependent and suppressed by blocking the proteasome, Hsp70-type molecular chaperones, the Pib1 E3 ubiquitin-protein ligase, and the deubiquitylating enzyme Ubp3. Moreover, defects in cell septation, exocytosis, and endocytosis in sec3 mutant strains were similarly alleviated by mutation of components in this pathway. We also found that, particularly under stress conditions, wild-type Sec3 degradation is regulated by Pib1 and the 26S proteasome. In conclusion, our results suggest that a cytosolic protein quality control pathway monitors folding and proteasome-dependent turnover of an exocyst subunit and, thereby, controls exocytosis in fission yeast.
During exocytosis, secretory vesicles fuse with the plasma membrane, thereby delivering membrane proteins to the cell surface and releasing material into the extracellular space. Importantly, exocytosis also provides lipids for membrane extension, which is required for growth, cell polarity, and division and is therefore critical for cell function and tissue development. In yeasts, exocytosis of hydrolytic enzymes is necessary to dissolve the cell wall (septum) between two daughter cells to complete cytokinesis (1) . In general, cargoes derived from organelles are transported by motor proteins along cytoskeletal tracks toward specific areas of the plasma membrane. The initial contact between the secretory vesicles and the target membrane is mediated by tethering factors that are thought to bridge SNARE complexes on opposing membranes to allow vesicle docking and fusion with the plasma membrane (2, 3) . The tethering of the secretory vesicles prior to docking and fusion with the plasma membrane is mediated by the exocyst, a phylogenetically conserved and stable octameric protein complex (4, 5) . The two exocyst members Sec3 and Exo70 interact with phosphatidylinositol 4,5-bisphosphate at the plasma membrane and assemble the rest of the exocyst complex, which is trafficked to the cell surface on vesicles in an actin-dependent manner (6 -10) . The importance of the exocyst complex is exemplified by the fact that it is linked to a number of developmental and infectious diseases in animals, plants, and fungi (4) . In simple organisms, such as the fission yeast Schizosaccharomyces pombe, most exocyst subunits are essential for viability, and conditional exocyst mutants display reduced secretion of hydrolytic enzymes, incomplete cytokinesis, and retarded cell growth (11) (12) (13) (14) . Not surprisingly, given its pivotal role, the function, localization, and assembly of the exocyst are modulated by posttranslational modifications, interaction with molecular switches such as GTPases, or alternative splicing (15, 16) . There is, however, no information about the mechanisms by which the degradation of the exocyst occurs.
As a result of stress conditions or mutations, proteins may lose their native conformation and misfold. Because misfolded proteins tend to form toxic aggregates with other cell proteins, the accumulation of misfolded proteins represents a considerable danger to cells. To cope with such harmful protein variants, cells have evolved efficient protein quality control (PQC) 3 mechanisms that function to clear the cell of misfolded proteins (17) (18) (19) . Typically, these rely on molecular chaperones that capture misfolded proteins and either refold them or guide them to degradation via the ubiquitin-proteasome system (UPS). How cells discern misfolded from native proteins remains incompletely understood but is likely to involve recognition of exposed hydrophobic regions in misfolded proteins. A number of proteins involved in targeting the misfolded proteins for degradation have been identified, particularly in yeast cells, where mutants in UPS components were identified as extragenic suppressors of point mutants in essential genes (20, 21) . These observations suggest that PQC is highly diligent and thus prone to target proteins that are only slightly structurally perturbed and still functional. Similarly, some cystic fibrosis patients carry mutations in the CFTR gene (22, 23) that result in a full-length protein that retains biochemical function. This protein variant fails to conduct its function not because it is inactive but because it is discarded by the protein quality control system, prompting disease.
PQC is compartmentalized in the cell, and in recent years a great deal has been learned about endoplasmic reticulumassociated degradation (24, 25) and nuclear quality control (20, 26, 27) . In contrast, cytosolic quality control is less well defined, although recent studies in budding yeast have shown that misfolded cytosolic proteins are often transported to the nucleus prior to degradation (28) or targeted directly in the cytosol by the E3s Ltn1, Rsp5, and Doa10 (29 -31) . Here we show that degradation of the exocyst subunit Sec3 depends on the proteasome, Hsp70-type molecular chaperones, the Pib1 E3 ubiquitin-protein ligase, and the deubiquitylating enzyme Ubp3.
Results

The Sec3-913 protein is a proteasome target
The fission yeast sec3-913 strain carries a point mutation in the sec3 gene that renders the cell temperature-sensitive (11) . To further our understanding of the exocyst, we performed a screen for extragenic suppressors of the sec3-913 temperaturesensitive growth defect at 35°C. One of the suppressing plasmids contained a genomic DNA fragment of chromosome II encoding the first 658 bp (219 amino acids) of the proteasome subunit Mts2/Rpt2 (Fig. 1A) .
Because full-length Rpt2 is a 361-residue essential ATPase subunit of the 26S proteasome (32), we predicted this truncated Rpt2 version to function in a dominant-negative manner, as has been shown before (21) . To test the effect of proteasome mutations further, we combined the sec3-913 mutant with a deletion in the proteasome assembly factor nas6 ϩ . In agreement with the sec3-913 temperature-sensitive phenotype being suppressed by reducing proteasome activity, we observed a strong restoration of growth at the restrictive temperature in the sec3-913nas6⌬ double mutant ( Fig. 1B) .
In budding yeast, deletion of the gene encoding the proteasome subunit Sem1 (Dss1 in fission yeast) was found to suppress various exocyst mutations (33) . To test whether this was also the case for fission yeast Dss1, a sec3-913dss1⌬ double mutant was constructed and analyzed for growth at the restrictive temperature. In S. pombe, deletion of the dss1 ϩ gene results in a temperature-sensitive growth defect (34) . Unlike the situ-ation in budding yeast, we did not observe any effect of Dss1 on the growth defect of the sec3-913 mutant in fission yeast (Fig.  1C ). However, because Dss1/Sem1 is also linked to non-proteasomal functions (35) , including transcription and mRNA maturation, this is likely to obscure a positive genetic interaction between dss1 and sec3 in S. pombe cells. However, as a further control, we also analyzed the growth of wild-type and sec3-913 cells on medium containing sublethal amounts of the proteasome inhibitor bortezomib (BZ). In agreement with the genetic interaction data, addition of bortezomib suppressed the growth defect in a temperature-and dose-dependent manner (Fig. 1D ). We therefore conclude that the sec3-913 temperature-dependent growth defect is suppressed by blocking the proteasome.
This phenotype suppression suggests that Sec3-913 is a substrate of the UPS. To test this, we followed the degradation of V5-tagged wild-type Sec3 and Sec3-913 in cultures treated with the translation inhibitor cycloheximide (CHX). Both at the permissive and restrictive temperature, the wildtype Sec3 protein appeared to be fairly stable during the experiment. In contrast, degradation of the Sec3-913 protein occurred rapidly at the permissive temperature and was even more pronounced at the restrictive temperature ( Fig. 1E ). By densitometry of Western blots, we estimated the half-life of Sec3-913 at 36°C to be Ͻ2 h ( Fig. 1F ), whereas wild-type Sec3 under the same conditions displayed a half-life of ϳ8 h (Fig. 1F ). The observed degradation was proteasome-dependent because addition of the proteasome inhibitor bortezomib blocked the degradation (Fig. 1, E and F) . Accordingly, addition of bortezomib and deletion of nas6 increased the steady-state level of the Sec3-913 protein (Fig. 1 , G and H). Addition of bortezomib did not lead to a general stress response because we did not observe any induction of Hsp70 ( Fig. 1G ). We conclude from these experiments that the Sec3-913 protein is a target of the UPS.
The Sec3-913 protein is partially functional at the restrictive temperature when proteasome activity is blocked
Our observation that the sec3-913 temperature-sensitive growth defect is suppressed by deletion of nas6 ϩ or addition of bortezomib suggests that the Sec3-913 protein at least partly retains function at the restrictive temperature. To test this prediction, we generated strains in which the endogenous sec3 promoter was replaced with the strong nmt1 promoter, leading to enhanced synthesis of Sec3 and Sec3-913. When sec3-913 was overexpressed, we no longer observed any temperature-sensitive growth defect ( Fig. 2A ), suggesting that Sec3-913 is functional at the restrictive temperature. Thus, the temperaturesensitive growth defect is likely a consequence of a meticulous PQC pathway, leading to an insufficient cellular quantity of the Sec3-913 protein.
In S. pombe, Sec3 is required for the exocytosis of hydrolytic enzymes to dissolve the septum between two daughter cells during cytokinesis but also for actin patch localization and endocytosis (11) . To test whether these functions of Sec3-913 were restored when protein degradation was inhibited, we first monitored cell septation by calcofluor staining. The septation defect of the sec3-913 strain appeared gradually upon shifting
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Degradation of the exocyst the cells to the restrictive temperature. After the cells were incubated for 4 h at 36°C, we observed about 60% septated sec3-913 cells, of which several displayed multiple septa. Addition of bortezomib led to a strong reduction in the number of septated and multiseptated cells ( Fig. 2B ). In addition, bortezomib treatment also reduced the thickness of the septa (Fig.  2C ). To rule out that these results were caused by an off-target effect of bortezomib, we also analyzed septation in untreated sec3-913nas6⌬ double mutant cells. We observed full restoration of the sec3-913 septation defect upon deletion of nas6 ( Fig. 3A) .
A defect in exocytosis can also be observed by transmission electron microscopy and quantified as the proportion of secretory vesicles per unit of cytoplasm. In wild-type and nas6⌬ cells, the vesicle/cytoplasm ratio was very low, presumably because secretory vesicles efficiently fuse with the plasma membrane. In sec3-913 cells, secretory vesicles accumulated in the cytoplasm, whereas this increase was not as extensive in the sec3-913nas6⌬ double mutant (Fig. 3, B and C) . Thus, the secretory defects observed in sec3-913 cells are at least partially caused by the degradation of Sec3-913.
To monitor whether the reported endocytosis defect of the sec3-913 strain (11) could be restored by deletion of nas6, we followed the uptake of the dye FM4-64 over time. As described previously (36) , added FM4-64 first associates with the plasma membrane in zones of active growth and is then incorporated into endosomes, which later fuse with the vacuolar membranes. Clearly, FM4-64 incorporation in sec3-913 endosomes was delayed compared with the situation in the nas6⌬ and sec3-913nas6⌬ double mutant ( Fig. 3D, arrowheads) . Hence, after 1 h, FM4-64 began to accumulate in endosomes in the sec3-913 single mutant strain, whereas this occurred already after 30 min in the sec3-913nas6⌬ double mutant ( Fig. 3D ). This reveals that inhibiting degradation also restores the endocytic function of the Sec3-913 protein.
Sec3-913 degradation depends on molecular chaperones
Our observations so far suggest that the UPS targets the Sec3-913 protein. Because Sec3-913 is encoded by a mutant gene, is unstable, and interacts less efficiently with its binding partner Sec8 (11), we speculated that Sec3-913 is targeted for the UPS by a protein quality control mechanism, although Figure 1. The Sec3-913 protein is a proteasome substrate. A, wild-type and sec3-913 strains transformed with vector and the rpt2-219X expression construct were streaked onto minimal medium as indicated (left panel) and incubated at 29°C, 35°C, and 37°C. B, growth on rich medium of wild-type, nas6⌬, sec3-913, and the double mutant was compared at the indicated temperatures. C, growth on rich medium of wild-type, dss1⌬, sec3-913, and the double mutant was compared at the indicated temperatures. D, growth on solid medium of wild-type and sec3-913 cells was compared at the indicated temperatures in the absence (control) or presence of 25 or 50 M BZ. E, degradation of Sec3 and Sec3-913 protein was followed in cultures at 29°C and 36°C, where protein synthesis was inhibited with 100 mg/ml CHX for 4 h. To some cultures 1 mM of the proteasome inhibitor BZ was also added. Tubulin served as a control for equal loading. F, quantification of degradation experiments as in E. Top panel, Sec3 (WT) degradation at 36°C (dark gray, filled diamonds) and Sec3 (WT) at 36°C with BZ (light gray, filled squares). Bottom panel, Sec3-913 degradation at 36°C (dark gray, filled diamonds) and Sec3-913 at 36°C with BZ (light gray, filled squares). The error bars indicate the standard error of the mean (n ϭ 3). G, the steady-state level of Sec3-913 at 29°C and 36°C with or without BZ was compared by SDS-PAGE and Western blotting using antibodies to V5 (to detect Sec3-913), Hsp70 and, as a loading control, to ␣-tubulin. H, the steady-state level of Sec3-913 at 29°C and 36°C in wild-type and nas6⌬ cells was compared by SDS-PAGE and Western blotting using antibodies to V5 (to detect Sec3-913) and, as a loading control, to ␣-tubulin. 
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Sec3-913 is still partly functional and, therefore, probably only slightly misfolded. Molecular chaperones are key players in PQC, where they catalyze folding and/or target misfolded proteins for degradation. To test whether molecular chaperones were involved in the folding or degradation of Sec3-913, we first crossed the sec3-913 strain to different chaperone mutants to obtain double mutants. The growth of the double mutants was then compared with the single mutants at various temperatures. Deletion of the Hsp70-type chaperones sks2, ssa1, and ssa2 led to partial suppression of the temperature-sensitive growth defect (Fig. 4A ), indicating that these chaperones are not very active in folding Sec3-913 (because this would lead to a phenotype enhancement) but, rather, may play a role in targeting Sec3-913 for degradation. In case of ssa2⌬, we observed that 
the cells displayed a general growth defect that, surprisingly, appeared to be somewhat stronger at 29°C than at higher temperatures ( Fig. 4A ). Mutation of the cdc48 segregase did not affect the growth of the sec3-913 strain, whereas deletion of the hsp104 chaperone led to a slight but reproducible synthetic growth defect at 33°C. In agreement with deletion of sks2 and ssa1 only partially suppressing the sec3-913 growth defect, we only observed a modest suppression of the septation defect in A, growth on rich medium of the indicated mutant and double mutant strains was compared over a range of temperatures. Note that the temperature-sensitive growth defect of the sec3-913 single mutant is suppressed in the sec3-913sks2⌬ and sec3-913ssa1⌬ strains. B, calcofluor staining of sec3-913, sec3-913sks2⌬, and sec3-913ssa1⌬ cells at 30°C and 34°C (left panel). Scale bar ϭ 5 m. The percentage of septated cells (septation index) and of septated cells with multiple septa were determined. The error bars indicate the standard deviation (n ϭ 4). *, p Ͻ 0.05; **, p Ͻ 0.01. C, the steady-state level of Sec3-913 at 36°C in wild-type, sks2⌬, and ssa1⌬ cells was compared by SDS-PAGE and Western blotting using antibodies to V5 (to detect Sec3-913) and, as a loading control, to ␣-tubulin.
the sec3-913sks2⌬ and sec3-913ssa1⌬ double mutants (Fig. 4B) , and we were unable to detect any change in Sec3-913 protein levels (Fig. 4C) .
The sec3-913 temperature sensitivity is partially suppressed by deletion of pub1
To identify E3s involved in targeting Sec3-913 for degradation, we took an approach similar to the one for the molecular chaperones. In yeast, the principal nuclear quality control E3 is San1 (37), whereas Doa10, Hul5, and Ltn1 have been implicated in cytosolic quality control (29, 38 -41) . However, in all cases, double mutants displayed a similar growth pattern as the sec3-913 single mutant (Fig. 5) , which strongly indicates that, on their own, none of these E3s contribute significantly to Sec3-913 degradation. More recently, the budding yeast E3, Rsp5 (human NEDD4), has been connected to degradation of misfolded proteins following heat stress (30, 42) . The S. pombe genome encodes three genes, pub1 ϩ , pub2 ϩ , and pub3 ϩ , which display high similarity to Saccharomyces cerevisiae RSP5. When we tested these, only deletion of pub1 led to partial rescue of the sec3-913 temperature-sensitive growth defect (Fig. 5 ). This suggests that Pub1 contributes to the degradation of Sec3-913. Because double deletion mutants of pub1, pub2, and pub3 display synthetically sick/lethal phenotypes (43, 44) , we did not construct pub double mutants in the sec3-913 background.
The Pib1 E3 ubiquitin-protein ligase targets Sec3-913 for degradation
Because none of the typical PQC E3s appeared to target Sec3-913 for degradation, we searched the S. pombe database for other candidate E3s and noticed the uncharacterized SPBC36B7.05c orthologue of the budding yeast E3 Pib1 and human ZNRF2. Budding yeast Pib1 has been reported to bind phosphatidylinositol phosphate and localize to endosomal membranes (45, 46) . In addition, PIB1 expression is regulated by the heat shock transcription factor Hsf1 (47) .
In agreement with Pib1 playing a role in Sec3-913 turnover, deletion of pib1 efficiently suppressed the temperature-sensitive growth defect of the sec3-913 strain (Fig. 6A ). With cells on minimal medium, we observed that the temperature-sensitive growth defect of the sec3-913 strain was less dramatic. However, overexpression of pib1 ϩ did not affect the growth of wildtype cells but reversed temperature-sensitive phenotype suppression of the sec3-913pib1⌬ double mutant (Fig. 6B ). Similar to the situation with the proteasome and chaperone mutants, deletion of pib1 also significantly suppressed the sec3-913 septation defect (Fig. 6C ). In addition, the steady-state level of Sec3-913 protein was increased in a pib1-null background (Fig.  6D) . Accordingly, when following the degradation of Sec3-913 in cultures treated with cycloheximide, we observed decreased degradation in pib1⌬ cells at the restrictive temperature (Fig. 6,  E and F) . However, the degradation was not entirely blocked, suggesting that Pib1 is likely functionally redundant with other PQC E3s.
Finally, to test the ubiquitylation of Sec3-913, we transformed the sec3-913 and sec3-913pib1⌬ strains with a plasmid overproducing His 6 -tagged ubiquitin. After blocking protein degradation with bortezomib, ubiquitin and ubiquitin-protein conjugates were isolated by precipitation using an Ni 2ϩ resin under denaturing conditions. Indeed, we observed that Sec3-913 was ubiquitylated and that the ubiquitylation was reduced in the pib1⌬ background (Fig. 6G ). In agreement with Pib1 being functionally redundant with other E3s, ubiquitylation of Sec3-913 was also still evident in the pib1-null strain. Also, because we did not observe any growth defect in a pib1⌬pub1⌬ double mutant (supplemental Fig. S1 ), Pib1 and Pub1 are unlikely to generally overlap in their function.
Sec3-913 degradation requires deubiquitylating enzymes
When a ubiquitylated substrate reaches the 26S proteasome, various proteasome-associated deubiquitylating enzymes (DUBs) cleave the ubiquitin chain and thus regulate degradation. For instance, the proteasome-associated DUB Ubp6 has been shown to rescue substrates from degradation by trimming ubiquitin chains (48, 49) . In contrast, the proteasome-associated DUBs Ubp3 and Uch2 (UCH37 in humans) have been shown to stimulate degradation (50, 51) , presumably because ubiquitylated proteins are less efficiently translocated into the proteasome lumen. In addition, the budding yeast DUBs Ubp2 and Ubp3 were recently shown to be required for degradation of misfolded proteins targeted by Rsp5 (Pub1, Pub2, and Pub3 in fission yeast) (42). 
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To test whether any of these DUBs regulate Sec3-913 turnover, we crossed the sec3-913 strain to different DUB mutants to obtain double mutants. The growth of the double mutants was then compared with the single mutants at various temperatures. We did not observe any genetic interaction between sec3-913 and ubp2⌬ (Fig. 7A ). Deletion of ubp6 led to a slightly synthetic sick phenotype (Fig. 7A ), indicating that Ubp6 may deubiquitylate Sec3-913 and thus antagonize its degradation. However, for both uch2⌬ (the UCH37/UCHL5 orthologue in fission yeast) and ubp3⌬, we observed a suppression of the sec3-Degradation of the exocyst notype suppression was more pronounced for ubp3 than for uch2, indicating that Ubp3 plays a more prominent role than Uch2 for regulation of Sec3-913 degradation. The septation defects of the sec3-913 strain were also strongly alleviated in the sec3-913ubp3⌬ double mutant (Fig. 7B) , and, accord-ingly, deletion of ubp3 led to an increase in the steady-state level of Sec3-913 protein, in particular at the restrictive temperature ( Fig. 7C ). We therefore conclude that Ubp3 and Uch2 stimulate Sec3-913 degradation. However, because we did not observe any growth defect in ubp3⌬uch2⌬ double mutants (supplemental Fig. S1 ), either these DUBs do not Figure 6 . The Pib1 E3 ubiquitin-protein ligase targets Sec3-913 for degradation. A, growth on rich medium of wild-type, pib1⌬, sec3-913, and the double mutant was compared at the indicated temperatures. B, growth of the wild-type and sec3-913pib1⌬ strains transformed with either an empty vector or a pib1 ϩ expression vector was compared at the indicated temperatures. To select for the plasmids, these experiments were performed on EMM2 minimal medium. Note that we found that the sec3-913 strain was not quite as temperature-sensitive on minimal medium as on complete medium (e.g. in A). C, calcofluor staining of sec3-913 and sec3-913pib1⌬ cells at 30°C and 34°C (left panel). Scale bar ϭ 5 m. The percentages of septated cells (septation index) and of septated cells with multiple septa were determined. The error bars indicate the standard deviation (n ϭ 4). **, p Ͻ 0.01; ***, p Ͻ 0.001. D, the steady-state level of Sec3-913 in the indicated strains was compared by SDS-PAGE and Western blotting using antibodies to V5 (to detect Sec3-913) and, as a loading control, to ␣-tubulin. exp., exposure. E, the degradation of Sec3-913 protein was followed in sec3-913 and sec3-913pib1⌬ cultures at 36°C, where protein synthesis was inhibited with 100 mg/ml CHX for 4 h. Tubulin served as a control for equal loading. F, quantification of degradation experiments as in E; Sec3-913 degradation at 36°C (dark gray, filled circles) and Sec3-913 at 36°C in the pib1⌬ background (light gray, filled squares). The error bars indicate the standard error of the mean (n ϭ 4). G, the sec3-913-V5 strain carrying WT pib1 or a sec3-913-V5/pib1⌬ strain transformed with a His 6 -tagged ubiquitin expression construct, as indicated, was treated with 1 mM bortezomib overnight, lysed, and used for precipitation (precip.) experiments with an Ni 2ϩ resin in 8 M urea. The precipitated material was analyzed by blotting with antibodies to the V5 tag on Sec3-913 or to the His 6 tag on ubiquitin. The arrowhead marks the position of non-ubiquitylated (Ub n ) Sec3-913. Figure 7 . Sec3-913 is a target of proteasome-associated deubiquitylating enzymes. A, growth on rich medium of the indicated mutant and double mutant strains was compared over a range of temperatures. Note that the temperature-sensitive growth defect of the sec3-913 single mutant is suppressed in sec3-913ubp3⌬ cells and, to a lesser degree, in the sec3-913uch2⌬ strain. B, calcofluor staining of sec3-913 and sec3-913ubp3⌬ cells at 30°C and 34°C (left panel). Scale bar ϭ 5 m. The percentages of septated cells (septation index) and of septated cells with multiple septa were determined. The error bars indicate the standard deviation (n ϭ 4). ***, p Ͻ 0.001. C, the steady-state level of Sec3-913 in the indicated strains at 29°C and 36°C was compared by SDS-PAGE and Western blotting using antibodies to V5 (to detect Sec3-913) and, as a loading control, to ␣-tubulin.
generally overlap in their function or they are functionally redundant with other cellular DUBs.
Wild-type Sec3 is also a UPS target
When the molecular chaperones and components of the UPS are blocked, the Sec3-913 protein appears functional at the restrictive temperature; therefore, we reasoned that, structurally, the Sec3-913 protein is most likely near native or least not highly misfolded. Accordingly, it is possible that the components involved in degradation of Sec3-913 may also, to a lesser extent, target wild-type Sec3 for degradation. In our degradation assays, the wild-type Sec3 protein appeared to be fairly stable during the experiment (Fig. 1F, t1 ⁄ 2 , ϳ8 h) . The steadystate level of wild-type Sec3 was clearly increased after 16 h with bortezomib ( Fig. 8A) and, at the restrictive temperature, also significantly increased in the pib1⌬ strain (Fig. 8B) , indicating that wild-type Sec3 levels are also regulated by Pib1 and the UPS. Importantly, these differences were even more pronounced after subjecting cells to a 45-min heat shock at 40°C (Fig. 8C ). We therefore conclude that wild-type Sec3 is likely to be regulated by a similar mechanism as we observed for Sec3-913.
Discussion
The exocyst is an evolutionarily conserved protein complex that tethers post-Golgi vesicles, transported along cytoskeletal tracks, to the plasma membrane. As an exocyst subunit, Sec3 plays an important role in mediating interaction of the complex with the plasma membrane (6, 9) . Here we show that the exocyst subunit Sec3 is regulated by a protein quality control pathway ( Fig. 9 ). Our data suggest that this PQC pathway operates on wild-type Sec3 under stress conditions that may cause misfolding but is exacerbated in the Sec3-913 missense protein variant. This is in agreement with the previously observed depletion of Sec3 in response to heat shock and damage of the cell membrane in budding yeast (52) . This also indicates that the structural stability of the Sec3-913 protein is compromised, and, accordingly, the Sec3-913 protein displays impaired interaction with the exocyst subunit Sec8 (11); as we show here, Sec3-913 is regulated by molecular chaperones. However, because exocyst function is restored upon blocking the PQC pathway, the Sec3-913 protein is probably only slightly misfolded at the restrictive temperature, which suggests that muta-tions that only cause subtle misfolding may still trigger rapid protein turnover. Because previous studies have shown that depletion of one exocyst subunit does not affect the level of the other subunits (5) , it is unlikely that the other exocyst subunits become unstable in sec3-913 cells at the restrictive temperature.
Early studies showed that certain missense protein variants are more rapidly degraded than wild-type proteins (53) . Since then, a number of proteins involved in targeting the misfolded proteins for degradation have been identified in a manner similar to our approach, in which mutants in UPS components were identified as extragenic suppressors of point mutants in essential genes (20, 21) . For instance, the nuclear PQC E3 San1 was first connected to protein quality control of the mutant proteins Sir4-9 and Cdc68-1 because loss of San1 alleviates the sir4-9 and cdc68-1 phenotypes (20) . These observations are important because they link proteasomal substrates to E3s, which is otherwise highly complicated, in particular because of the vast number of genes encoding E3s (the human genome encodes more than 600 different E3s, whereas the fission yeast genome encodes roughly 100 different E3s). However, these genetic interactions also suggest that the PQC network is highly diligent and prone to target proteins that are only slightly structurally perturbed and still functional. This has important consequences for protein evolution (54) because mutations in proteins that allow functional innovation may slightly destabilize the structure and trigger degradation via the UPS. This severely limits the functional space available for a protein variant, and, accordingly, molecular chaperones are important for evolution because they may help destabilized mutants to fold, allowing access to new activities (55) (56) (57) . However, chaperones have also been shown to actively direct their substrates for degradation (58) .
This seemingly overactive PQC also has direct consequences for disease. For instance, missense variants in the mismatch repair protein MSH2 have been linked to the hereditary cancer predisposition syndrome, known as Lynch syndrome. Although several of the disease-linked MSH2 mutations result in functional proteins with only minor folding defects, the proteins are targeted for degradation, leading to depletion of the MSH2 protein, which, in turn, triggers the disease (59, 60) . As mentioned, similar observations have been made for cystic (n ϭ 3) . B, the steady-state level of wild-type Sec3 at 29°C and 36°C in either a WT or pib1⌬ background was compared by SDS-PAGE and Western blotting using antibodies to V5 (to detect Sec3) and, as a loading control, to ␣-tubulin. Quantifications by densitometry are given below as -fold change Ϯ standard error of the mean (n ϭ 3). C, the steady-state level of wild-type Sec3 from cells grown at 29°C (control) or cells subjected to a 45-min heat shock treatment at 40°C was compared in the presence or absence of the proteasome inhibitor BZ or in a pib1⌬ background by SDS-PAGE and Western blotting using antibodies to V5 (to detect Sec3) and, as a loading control, to ␣-tubulin. Quantifications by densitometry are given below as -fold change Ϯ standard error of the mean (n ϭ 3).
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fibrosis and disease-linked variants of the CFTR protein (23), suggesting that this highly sensitive PQC system may be a common etiological mechanism for disease-linked loss-of-function missense mutations.
In general, the nuclear and endoplasmic reticulum-associated degradation pathways for degradation of misfolded proteins are well characterized (20, 24, 26, 27) . However, PQC in the cytosol is less well defined. Recent studies in budding yeast have shown that smaller misfolded cytosolic proteins are transported to the nucleus, where they are ubiquitylated by the E3 San1 and degraded (26, 28, 61) . Other misfolded cytosolic proteins appear to be targeted during translation on the ribosome (62) (63) (64) or directly in the cytosol by the E3s Ltn1, Rps5, and Doa10 (29, 42) . We found that the degradation of Sec3-913 occurred independent of San1, Ltn1, and Doa10 but relied on the membrane-associated Pib1 enzyme. However, we note that some Sec3-913 is still degraded when pib1 is deleted, suggesting that Sec3-913 can also be targeted for degradation via other pathways. This observation is in line with studies in budding yeast that have shown that multiple E3s display overlapping substrate specificity for misfolded proteins (65) . Indeed, we observed that the sec3-913 temperature-sensitive growth defect is partially suppressed by deletion of pub1, suggesting that Pub1 also contributes to Sec3-913 degradation. In addition, the strong suppressing effect we observed for ubp3⌬ and the link between Rsp5 and Ubp3, recently established in budding yeast (42) , lend additional support for a role of Pub1 in Sec3-913 degradation. The fission yeast pub1 ϩ , pub2 ϩ , and pub3 ϩ genes are highly similar and unessential orthologues of the essential RSP5 gene in S. cerevisiae (43) . Accordingly, pub1 ϩ , pub2 ϩ , and pub3 ϩ display overlapping functions and pairwise synthetic deletion phenotypes (43, 66) , indicating that they may all contribute to Sec3-913 turnover. However, because Rsp5 and the fission yeast Pub E3s have also been linked to other functions, including transcription, ribosome stability, and endocytosis (66 -71) , they may also indirectly contribute to the sec3-913 phenotype.
As for how the cellular PQC system is able to discriminate between misfolded proteins and their native counterparts, this has been shown, in the case of San1, to involve direct recognition of exposed hydrophobic regions in the substrate (20) . However, other PQC E3s seem to associate with molecular chaperones and ubiquitylate the chaperone-bound substrates (58) . Because we found that the Hsp70-type chaperones Sks2 and Ssa1 both affect Sec3-913, Pib1 presumably operates through molecular chaperones. Sec3-913 is probably only slightly misfolded because, in our assays, it appears to be functional at the restrictive temperature when overproduced or when degradation is inhibited. Accordingly, the proteasome and Pib1 also play a role in regulating wild-type Sec3. In conclusion, our data corroborate previous findings showing that missense proteins are targeted for degradation and reveal a so far unreported chaperone-assisted degradation pathway ( Fig. 9 ).
Experimental procedures
Yeast strains and techniques
The fission yeast strains used in this study (supplemental Table S1 ) are derivatives of the wild-type heterothallic strains 972h Ϫ and 975h ϩ . Some strains were purchased from Bioneer (72) . Standard genetic methods and media were used, and S. pombe transformations were performed using lithium acetate (73) . The PCR mutagenesis and marker switch were performed as described previously (74, 75) .
Plasmids
The pib1 ϩ (SPBC36B7.05c) cDNAs were purchased from GeneArt in the pENTR221 vector and transferred to the pDUAL vector (76) for expression in S. pombe using the Gateway cloning system (Invitrogen).
Growth assays
Growth assays on solid medium were performed essentially as described previously (77) . Briefly, the S. pombe strains to be assayed were grown to an A 600 nm of 0.4 -0.8. The cells were then diluted in medium to an A 600 nm of exactly 0.40. Serial 5-fold dilutions of this culture were prepared before 5 l of each dilution was spotted onto solid medium plates (Edinburgh minimal medium 2 (EMM2) (Biomol) for plasmid selection, otherwise yeast extract with supplements (YES; 30 g/l glucose, 5 g/l yeast extract, 225 mg/l adenine, 225 mg/l leucine, 225 mg/l uracil)) and incubated at the indicated temperature until colonies formed. 
Degradation of the exocyst Electrophoresis and blotting
Proteins were separated on 7 cm ϫ 8 cm 12% acrylamide gels and subsequently transferred to 0.2-m pore size nitrocellulose membranes. Membranes were blocked in PBS (133 mM NaCl, 2.7 mM KCl, 6.5 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 (pH 7.4)) containing 5% fat-free milk powder and 0.01% Tween 20. Membranes were then probed with the indicated antibodies overnight. The antisera, used in Western blots diluted 1:1000, were as follows: anti-GFP (clone 3H9, Chromotek), anti-V5 (clone SV5, Serotec), anti-His 6 (catalog no. 34660, Qiagen), anti-Hsp70 (clone 5A5, Abcam), and anti-␣-tubulin (clone TAT1, Abcam). Secondary antibodies were purchased HRP-conjugated from Dako Cytomation.
Cell imaging and fluorescence microscopy
Cell septation was monitored by staining with calcofluor white (Sigma) as described previously (11) . Endocytosis was monitored by following FM4-64 uptake over time as described previously (11) . Cells were imaged on 2% agarose pads using an Olympus IX71 wide-field inverted epifluorescence microscope. An Olympus ϫ63 numerical aperture 1.4 oil immersion objective was used, and images were captured with a Coolsnap-HQ2 charge-coupled device camera. Counts, measurements, and image presentations were made using Metamorph (Molecular Devices) and downloaded to Microsoft Excel or GraphPad for analyses.
Transmission electron microscopy
For electron microscopy studies, 10 6 cells in YES were fixed in 2% (v/v) glutaraldehyde and 2% (v/v) formaldehyde in PBS, washed with buffer, and sedimented for 10 min at 17,000 ϫ g. The cells were then post-fixed using 2% potassium permanganate, washed with water, dehydrated through a graded ethanol series (50% to 100% ethanol), and embedded in Durcupan resin (Sigma). Ultrathin sections (70 nm) were collected on pioloform-coated EM copper grids (Agar Scientific) and contrasted using lead citrate. Sections were analyzed using a JEOL JEM 1400 transmission electron microscope operated at 120 kV, and images were obtained at a nominal magnification of 12,000 with a digital camera (ES1000 W, Gatan).
For estimating the fractional volume of vesicles inside the cytoplasm, sections were sampled systematic uniform random in three independent experiments (n Ͼ 202 cells in total) (78) . The sampled micrographs were then overlaid with a randomly placed square grid lattice in Metamorph (Molecular Devices) and the areas (A) of interest estimated by point counting (point spacing 50 pixels and 350 pixels for vesicles and cytoplasm, respectively). The mean volume density of vesicles in the cytoplasm is then given by ⌺A vesicle /⌺A cytoplasm . Vesicles were identified by the presence of a single membrane, a round to oval profile shape, and a dark and homogenously contrasted matrix. Results were downloaded to GraphPad for analyses.
Protein degradation assays
The degradation of the V5-tagged Sec3 and Sec3-913 proteins was followed in cycloheximide-treated cultures by electrophoresis and blotting as described previously (79) . Protein was extracted in TCA using glass beads. Briefly, harvested cells were resuspended in 20% TCA. Then glass beads were added, and the samples were subjected to three rounds of 15 s in a FastPrep machine (Thermo). The glass beads and unbroken cells were removed by centrifugation (1000 ϫ g, 5 min.). The supernatant was further centrifuged (10,000 ϫ g, 5 min), and the resulting pellet was extensively washed with ice-cold acetone. Finally, the pellet was resuspended in SDS-PAGE loading buffer (50 mM Tris/HCl (pH 6.8), 2% SDS, 0.1% ␤-mercaptoethanol, 10% glycerol, and 0.2 mg/ml bromphenol blue). Antibodies to ␣-tubulin (Abcam) were used as the loading control. Quantification was performed by densitometry using the Un-Scan-It Gel v6.1 software (Silk Scientific Corp.). Bortezomib was purchased from LC Laboratories.
Ubiquitylation of Sec3-913
The ubiquitylation of Sec3-913-V5 was determined by precipitating His 6 -ubiquitin under denaturing conditions (in 8 M urea), followed by electrophoresis and blotting for the V5 tag on Sec3-913 as described previously (80) .
